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Abstract

Background: To improve process economics for production of fuels and chemicals from lignocellulosic biomass,
high solids concentrations are applied in enzymatic hydrolysis, to increase product concentration and reduce energy
input. However, increasing solids concentrations decrease cellulose conversion yields, the so called 'high-solids effect!
Previous work suggests that product inhibition and mixing contribute, but an understanding of how biomass proper-
ties influence the high-solids effect, is lacking.

Results: Cellulose hydrolysis yields with an industrial cellulase (Ctec2) were measured on pretreated wheat straw
and spruce from 5 to 30% dry matter (DM), and compared to yields of an older industrial cellulase mixture (Celluclast
1.5L/Novozym188). For Ctec2, yield was independent of DM below 15-18% DM, while yields decreased with increas-
ing DM above this range, but at different rates for each biomass. For Celluclast 1.5L/Novozym188, yields decreased
already from the lowest DM, suggesting that the high-solids effect was more a function of product inhibition, while
the yields of the newer Ctec2 mixture were driven more by biomass—water interactions. LF-NMR relaxometry showed
that the onset of the high-solids effect for Ctec2 corresponded to the disappearance of free water from the system,
and a decrease in water self-diffusion rates. While the spruce had higher yields at low-solids, the wheat straw had
higher yields at high-solids conditions, exhibiting that relative yields at low and high-solids are not related. Higher
yields corresponded to increased water constraint by the biomass at high-solids conditions. Modifications to the pre-
treated wheat straw resulted in improved yields, and changes to the inflection point and intensity of the high-solids
effect, showing that this effect can be reduced.

Conclusions: The high-solids effect is both enzyme and substrate dependent, and can be reduced by modifying the
pretreated biomass, suggesting that pretreatment processes can be designed to achieve similar effects. Yields at low
and high-solids concentrations do not correlate for a given biomass, and thus industrial evaluation of biomass recalci-
trance should be carried out at high-solids conditions.
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Background

As climate change is increasing [1], and the environmen-
tal and societal consequences of continued fossil fuel
extraction and use are being widely recognized, sustaina-
ble and renewable sources of energy, fuels, and chemicals
must be developed to replace fossil fuels. A promising
near term process for producing liquid fuels and chemi-
cals is by the utilization of lignocellulosic biomass from
sustainably managed sources. Through biochemical con-
version processes, lignocellulosic biomass can be decon-
structed into its constituent carbohydrate components,
which can be further fermented by microorganisms
to produce fuels and chemicals. However, plants have
adapted over millions of years to resist this deconstruc-
tion process carried out by fungi or bacteria, a property
known as recalcitrance. Existing industrial processes for
the deconstruction of lignocellulosic biomass require
the input of enzymes, materials and energy, making cost
competitive fuels and chemicals difficult to achieve [2].

One method to improve process economics is to
increase the amount of biomass solids in the reaction
solution during processing, both for the pretreatment,
enzymatic hydrolysis and fermentation steps [3]. This is
commonly referred to as a ‘high-solids’ process [4], with
insoluble solids concentrations above 20% dry matter
(DM) [5]. Increasing solid concentrations reduces tank
volumes, increases product concentrations, and thereby
decreases separation costs and improves both capital
and operating costs. While pretreatment at high-solids
loadings is fairly straightforward [6, 7], and commer-
cial yeasts are capable of fermentation at high sugar and
ethanol concentrations [8], efficient enzymatic hydroly-
sis remains a challenge at high-solids concentrations.
As solids concentrations increase, conversions yields
decrease in an apparently linear fashion i.e., the high-sol-
ids effect [9, 10]. This effect is well documented [11, 12],
and is thought to be caused by a number of factors, from
increasing enzyme product and pretreatment-produced
inhibitor concentrations [13, 14], to less efficient mixing
[15, 16], and mass transfer limitations [17, 18], as well
as water availability and water constraint [19, 20]. While
many factors are at play in causing the high-solids effect,
their relative contributions have yet to be understood.
Thus, there remains a need for a better understanding of
why the high-solids effect occurs, and how this effect may
be ameliorated through changes to the biochemical con-
version process.

Some complimentary approaches to overcome the
high-solids effect have been previously suggested. First,
enzymes selected to deconstruct lignocellulose can be
improved to reduce product inhibition and biomass
recalcitrance. Significant work has been carried out
to this extent. The beta-glucosidase activity has been
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increased and lytic polysaccharide monooxygenases
have been added to commercial cellulase preparations,
improving hydrolysis yields also at high-solids concentra-
tions, and reducing product inhibition [21-24]. However,
even these advanced enzyme mixtures show decreased
yields with increasing solids concentrations [23]. Sec-
ondly, improvements can be made in biomass processing
with regards to mixing and mass transfer equipment, as
seen with the transition to horizontal and free fall mix-
ing hydrolysis reactors, as well as fed batch, continuous
hydrolysis, and alternative processes configurations [9,
11, 12, 16]. These process methods have only been dem-
onstrated at 15-20% insoluble solids, and hydrolysis
yields were still negatively impacted by increasing solids
concentrations. Similarly, simultaneous saccharification
and fermentation (SSF) processes can reduce the effects
of product inhibition, but at the expense of reducing the
process temperature below the optimum for the cellulytic
enzymes. Thirdly, and what will be the topic of this paper,
is the option to improve the properties of the pretreated
biomass itself, such that the high-solids effect is reduced.
We hypothesize that physical and chemical properties of
the biomass, and specifically the interaction of the bio-
mass with water, contribute to the high-solids effect, and
that by understanding and modifying these properties, it
will be possible to improve enzyme performance at high-
solids loadings.

The interrelation between water and biomass may be
a key determining factor for the high-solids effect. At
25-40% DM, there is a stoichiometric excess of water
necessary for hydrolysis reactions, but some research has
shown increased water constraint and reduced diffusion
rates on model substrates [17], and that changing the cel-
lulose conformation changes hydrolysis yields and water
constraint at high-solids [19].

Thus, while there is a theoretical background for cel-
lulose water interactions having a significant effect on
high-solids hydrolysis yields, this has not been translated
into real pretreated lignocellulosic materials, or how
changes to the lignocellulosic materials may change these
interactions. Previous studies have looked at improving
pretreatments to obtain high cellulose and hemicellulose
conversion yields [25-27], the majority of these studies
evaluate the efficacy of the pretreatment methods at low-
solids conditions (below 20% DM), and therefore pro-
vide no indication if these pretreatments lead to reduced
recalcitrance and improved enzyme performance at
high-solids conditions.

In this work, we show the high-solids effect for washed
steam pretreated wheat straw and SO, pretreated spruce
using commercial cellulase preparations and free fall
mixing technology. We observe how cellulose hydroly-
sis yields decrease with increasing solids, and relate this
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to biomass—water interactions. Pretreated wheat straw
is then physically and/or chemically modified and the
effect on hydrolysis yields and biomass—water interac-
tions are observed. To quantify biomass—water interac-
tions and mass transfer, time domain Low Field Nuclear
Magnetic Resonance (LENMR) relaxometry methods are
used to characterize water constraint by means of spin—
spin (T,) relaxation times, and the self-diffusion coef-
ficient of water within the biomass matrix. The LFNMR
relaxometry methods [28, 29] have been used extensively
to measure water constraint by cellulose [19, 30], wood
[31-35], and pretreated biomass [36, 37]. By comparing
changes in the biomass—water interactions to changes in
the biomass chemistry and structure, and how these may
correspond to the high-solids effect, we aim to better
understand how pretreatment methods can be tailored to
high-solids conditions.

Results

Impact of increased DM on hydrolysis yields from two
different feedstocks

As a baseline for the high-solids effect, two commercially
relevant pretreated washed materials were hydrolyzed
over a range of solids concentrations between 5 and 30%
DM. Either Ctec2 or Celluclastl.5L/Novozym188 (C/N)
enzyme mixtures were applied, and the high-solids effect
for the different mixtures was compared. As expected,
cellulose hydrolysis yields decreased with increasing
DM concentrations for both the pretreated wheat straw
(PWS) and pretreated spruce (PS) materials as well as
for both enzyme preparations (Fig. 1). For the samples
hydrolyzed with the C/N enzyme mixture, a decrease in
hydrolysis yields was observed already from low-solids
concentrations, albeit at different rates of decrease for
the two pretreated feedstocks. For the samples hydro-
lyzed with Cetec2, the decrease in yield was not imme-
diately observed with increasing solids concentrations,
but first occurred at 15-18% DM for both materials, with
hydrolysis yields being relatively constant at lower sol-
ids concentrations. At solids concentrations above the
observed inflection point, hydrolysis yields decreased for
both materials, however, at different rates of decrease,
with conversions yields of 42% and 29% for PWS and PS,
respectively. This difference in rate of decrease led to an
inversion in relative yields for the two materials, with
PS having higher hydrolysis yields at lower solids con-
centrations, and PWS having higher yields at higher sol-
ids concentrations for the Ctec2-treated samples. These
results point to the high-solids effect being dependent
on both the enzyme mixture used, and the properties
of the pretreated materials. The C/N enzyme mixture,
a cocktail used in older studies of the high-solids effect
[9, 10], exhibited the high-solids effect already from low
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Fig. 1 Cellulose conversion yields of pretreated spruce (PS -triangles)
and pretreated wheat straw (PWS—circles) materials after enzymatic
hydrolysis for 72 h with either 15 mg EP/g cellulose Ctec2 enzyme
preparation (filled shapes) or 45 mg EP/g cellulose Celluclast/
Novozym188 (C/N 5:1) enzyme mix (hollow shapes), from low
to high % DM. For Ctec2-treated samples, cellulose conversion
yields remain stable with DM until 15-18% DM, where they begin
to decrease, but at different rates for the two materials. For the
C/N-treated samples, reductions in cellulose conversion yields begin
even at low DM concentrations. This suggests that high-solids effect
is influenced by both the enzyme preparation, and the substrate
type. Error bars represent & 1 standard deviation of triplicate
experiments

DM concentrations, while the Ctec2-treated samples
exhibited the high-solids effect first at higher DM con-
centrations. This suggests that there are different fac-
tors governing the high-solids effect for the two enzyme
preparations. Similarly, the difference in the onset and
intensity of the high-solids effect for the two different
feedstocks raises the question of what factors lead to the
observed relationship between DM and hydrolysis per-
formance, and specifically what biomass characteristics
and biomass—water interactions might lead to improved
yields at higher DM concentrations.

Water constraint profiles

To determine how biomass—water interaction change
with increasing solids, LENMR was applied to measure
the relaxation time of the water hydrogen protons. The T,
relaxation times obtained by fitting each relaxation curve
by a single exponential decay decreased with increasing
solids concentrations, though to different degrees for
the two pretreated materials, with PWS having shorter
relaxation times at a given % DM (Additional file 1:
Table S1). However, the single component T, times only
give one value for the entire system, and not a detailed
picture of biomass—water interactions in the system. A
non-negative least squares (NNLS) regression algorithm
was used to separate the relaxation times of the different
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water populations present in the system. NNLS analysis
of the T, decay curves of the PWS- and PS-pretreated
feedstocks at different DM showed multiple distinct
pools of constrained water, and both the size, relative
amounts of water, and the individual T, relaxation times
of these pools changed with increasing solids concentra-
tions (Fig. 2). Below 10% DM, both samples showed large
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peaks with long relaxation times (> 1000 ms), accounting
for the majority of the water in the sample (Additional
file 1: Table S1). This peak was identified as free water and
is assumed to be minimally constrained by the biomass.
This large free water peak disappeared with increasing
solids concentrations, above 12% and 16.5% DM for PWS
and PS, respectively. Interestingly, this corresponded well
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Fig.2 LFNMRT, profiles for PWS (a) and PS (b) pretreated materials at increasing solids concentrations (% DM), after analysis with NNLS to assess
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to the solids concentrations where an initial decrease
in hydrolysis yields is seen for the respective biomasses
hydrolyzed with Ctec2. Thus, the disappearance of free
water from the hydrolysis reaction system correlates to
the initiation of the high-solids effect.

Above the solids concentration where free water with
long relaxation times could no longer be detected, PS
showed one major pool of water only, for which the T,
relaxation time decreased with increasing solids concen-
trations, having a relaxation time of 26 ms at 30% DM.
PWS showed a similar decrease in T, relaxation times,
but the majority of the water was divided into two sep-
arate pools, with T, times of 26 and 11 ms at 30% DM.
Furthermore, the rate of decrease in T, relaxation times
was greater for PWS than for PS, suggesting that water
was more constrained and thus in closer contact with the
PWS at increasing solids concentrations. When compar-
ing these data to the corresponding hydrolysis yields, it
can be seen that PWS with its more constrained water
had higher hydrolysis yields than the PS. Thus, increased
water constraint by the biomass, especially at high-solids
concentrations, correlates to higher hydrolysis yields.

Diffusivity of water with increasing solids concentrations

The diffusivity, as represented by the self-diffusion coef-
ficient of water has been shown to decrease with increas-
ing solids concentration [17], and has long been thought
to impact biomass hydrolysis yields at high-solids [10].
Figure 3 shows internal diffusion rates for water for PS
and PWS at increasing solids concentrations. Similar to
the hydrolysis yield data, a plateau in diffusion rates at
lower solid concentrations was seen for both the PS and
PWS samples, with diffusion rates first decreasing at the
same % DM as the decrease in hydrolysis yields (Fig. 1)

3,5E-09
A Pretreated Spruce

@ ® Pretreated Wheat Straw
~ 3,0E-09 -
£ 2 o o
€ R A A
[
S 2,5E-09 - °
b= s o
8 S S
© 2,0E-09 4 )
5 L
g °
=]
& 1,5E-09
=)

1,0E-09 T T T T T T )

0 5 10 15 20 25 30 35
% DM

Fig. 3 Diffusion coefficients for water at increasing solids
concentrations (% DM) of PWS and PS samples, as measured

by LF-NMR. Data points represent average measurements for 3
individual samples. Standard deviations are below the size of the
markers
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and a lower level of free water (Fig. 2) were seen. The rela-
tionship between the lack of free water and diffusion is
straightforward considering that the diffusion measure-
ment is an average for all water in the system, and where
free water dominates, the average diffusion rate will not
significantly change until the free water pool is depleted.
After the inflection point, diffusion rates decreased, with
PWS having a slightly higher diffusion rate than PS, again
correlating to hydrolysis yields.

Effects of substrate modification

To investigate how chemical or physical modifications
to the substrate may correlate to biomass—water interac-
tions, modifications were done by three different treat-
ments of the PWS substrate; a simple size reduction by
knife milling of the wet material (PWS milled), a delignifi-
cation of the PWS material (PWS de-lignified), and incu-
bation with a xylanase enzyme mixture to remove some
hemicellulose from the biomass matrix (PWS xylanase).
The treatments employed to produce these changes in
the biomass are not suggested as specific industrial treat-
ments for biomass after pretreatment, but were used to
induce distinct changes to the biomass. Compositional
changes to the de-lignified PWS- and xylanase-treated
PWS are given in Table 1.

Enzymatic hydrolysis experiments for the modified
materials were done under the same conditions as for
the non-modified PWS material, and cellulose to glucose
conversion yields measured (Fig. 4). All of the modified
samples had higher cellulose conversion yields than for
the unmodified PWS. A general high solids effect was
observed for the modified samples, with cellulose conver-
sion yields initially remaining constant with increasing
solids concentrations, and then decreasing above a given
solids concentration. However, the % DM above which
yields began to decrease was different for the modified
samples, as well as the rate of decrease in cellulose con-
version yields with increasing % DM. The milled PWS
had a similar rate of decrease in yield with increasing
solids concentrations as the unmodified PWS; however,
the inflection point for the milled PWS was at a higher
solids concentration (18% DM) than for the unmodified

Table 1 Extractive free and washed
for pretreated and modified biomasses

composition

Biomass Glucan (%) Xylan (%) Mannan Lignin (%) Ash (%)
PS 48 0.3 0.4% 50 0.1
PWS 54 4 0 34
De-lignified 86 6 0 10 5
PWS
Xylanase 55 3 0 41 6
PWS
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Fig. 4 Cellulose to glucose conversion yields for modified PWS
samples (milled PWS [triangle], de-lignified PWS [diamond],
xylanase-treated PWS [square], and unmodified PWS [filled circle])
hydrolyzed for 72 h with Ctec2 at different % DM. All modified
materials showed improvement over the untreated PWS, however
they responded differently to increasing % DM. Data points are
averages of triplicate experiments, and error bars represent the
standard deviation between experiments

PWS (15% DM). The xylanase-treated PWS had a slower
rate of decrease in cellulose conversion yields as com-
pared to the unmodified material, with the inflection
point also located at 18% DM. Interestingly, the de-ligni-
fied PWS, which had the highest yields of all the materi-
als at low-solids concentrations, had an inflection point
at 12% DM. The inflection point may have occurred at
lower solids concentrations, but no experiment was run
between 5 and 12% DM. For the de-lignified PWS, cel-
lulose conversion yields decreased more quickly than for
the unmodified PWS. Notably, the xylanase-treated PWS
had the lowest cellulose conversion yields of the modified
samples at low-solids concentrations, but had the high-
est yields at 30% DM. Thus, also this experiment showed
that the hydrolysis performance of a given material at
low-solids concentrations cannot be compared to its per-
formance at high-solids concentrations. The implication
is that it is important to evaluate pretreated materials at
a relevant solids concentration for the enzymatic pro-
cess in question. The experiment also showed that simple
chemical and physical changes to the biomass can lead
to a modified, and in some cases, a reduced high-solids
effect.

Effect of PWS modifications on LFNMR relaxometry water
constraint profiles

T, NMR profiles of the modified materials at increasing
% DM showed similar general trends as the unmodified
PWS, however with some distinct differences (Fig. 5).
The milled PWS sample T, profile was very similar to
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the unmodified PWS, in that there were two major peaks
identified with the biomass. However, the free water peak
in general had shorter relaxation times and appeared to
merge with the next shortest peak above 15% DM and
had a significant decrease in relaxation time with increas-
ing solid concentrations below 15% DM (Fig. 5a). Above
15% DM, the relaxation times of the two major peaks
decreased significantly as with the unmodified PWS, hav-
ing identical T, times at 30% DM (10 ms and 27 ms), but
with relatively more water in the more constrained peak
for the milled PWS than for the unmodified PWS (Addi-
tional file 1: Table S1).

The de-lignified PWS sample showed significant
changes to the T, profiles as compared to the unmodified
PWS (Fig. 5b). The de-lignified material had the physical
appearance of mechanical pulps, and readily absorbed all
free water at the lowest solids concentrations, as seen by
a simple visual examination. Similarly, there was no free
water T, peak present in the sample even at the lowest
solids concentration. There was an immediate decrease
in T, times of the three major peaks already from the
lowest solids concentration, and this decrease continued
evenly until 30% DM, with the least constrained peak
disappearing above 21% DM, most likely merging with
the next peak. This corresponded well to the decrease in
hydrolysis yields already from low-solids concentrations.
At 30% DM, there were two major peaks at 9 and 24 ms,
with the majority of water present in the less constrained
of the two peaks, 31% and 68%, respectively, again indi-
cating that the relative amount of water in the two major
peaks relates to hydrolysis yields at high DM.

The xylanase-treated PWS, having the highest hydrol-
ysis yields at high-solids concentrations, had the most
distinct T, profile as compared to the untreated PWS
(Fig. 5c). The free water peak was present; however, it
quickly disappeared above 10% DM, similar to the milled
material. Besides the free water peak, 3 major water peaks
appeared with the presence of a new peak at shorter T,
relaxation times compared to the unmodified PWS. At
30% DM, the two major pools of water were present, with
slightly longer T, times then for the unmodified material,
which were 19 and 45 ms, respectively. The ratio between
the amount of water in the shorter and longer T, time
peak for the xylanase-treated PWS was reversed as com-
pared to the untreated PWS (Additional file 1: Table S1).
Thus, there was a larger proportion of more constrained
water in the system for the xylanase-treated PWS than
for the untreated system, again confirming that more
constrained water was related to higher hydrolysis yields
at high-solids conditions.

To relate the studied system to a standard model for
cellulose, as well as previous work studying cellulose—
water interactions [19], water constraint and diffusion
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measurements were made for Avicel® (PH 101), a com-
monly used model substrate for crystalline cellulose.
T, measurements (Fig. 5d) showed a striking difference
to the behavior of the pretreated biomass samples. The
free water peak (4 s) was shown to disappear by 18%
DM, and there was only one major peak present above
18% DM which had a constant T, time of 100 ms with
increasing solids concentrations. This T, is much longer
than for water which would normally be associated
with cell wall water, and therefore might be assigned to
interstitial water between Avicel particles (this particu-
lar Avicel sample had a nominal average particle size of
50 mm). The reduction in the T, time of the major peak
with increasing solids concentrations was not seen at all
for the Avicel samples, suggesting that the rigid structure
of the material leads to a constant T, profile with only
diminishing peak intensity. This suggests that the reduc-
tion in T, times of the different peaks in the pretreated

lignocellulosic samples with increasing solids concen-
trations may be related to a shrinking of pores in the
biomass matrix. The term pores is used in this work to
describe the inter-polymer and inter-fiber space in the
biomass matrix occupied by water.

Diffusion of water in modified materials

Diffusion coefficients for water with increasing solids
concentrations in the presence of the modified materi-
als also decreased with increasing solids concentrations
(Fig. 6). Diffusion coefficients were higher for the modi-
fied PWS materials than for the unmodified PWS at
higher solids concentrations, however, no plateau effect
was seen in the diffusion coefficients for the modified
materials. This may have been due to the increased bio-
mass—water interactions in general, and relatively less
free water for the modified materials at low-solids con-
centrations. At lower solids concentrations, yields did not
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correlate to diffusion coefficients, and thus diffusion may
not be a limiting factor for enzymatic hydrolysis at low-
solids concentrations. At high-solids concentrations, the
modified materials had higher diffusion rates, correlating
to higher hydrolysis yields.

Discussion

Driving factors in the high-solids effect for enzyme
preparations

Previous studies documenting the high-solids effect have
shown an almost linear decrease with increasing solids
concentration from even very low-solids concentrations
using older cellulase preparations, which align well with
results with the same enzyme preparations in this study
[9, 10]. In this work, the high-solids effect, with the
exception of de-lignified PWS, was not observed until
above 15% DM when samples were hydrolyzed using
the newer enzyme preparation (Ctec2). Previous work at
lower solids concentrations with older cellulase prepara-
tions suggested increasing product inhibition to be the
driving factor behind the high-solids effect [13]. This sug-
gests that improved product inhibitor tolerance of the
Ctec2 enzyme preparation leads to a later onset of the
high-solids effect. If product inhibition of enzymes was
the driving factor in the high-solids effect, reductions
in yields would have been seen also at lower solids con-
centrations, as has been reported [13, 38]. Previous work
has also suggested this to be the case [5], and the current
study confirms this phenomenon. However, no effects of
inhibitors generated during pretreatment can be inferred
from the current study, as materials were washed prior to
hydrolysis.
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At lower solids concentrations, the PS material had a
higher yield than the PWS material, while at the highest
solids concentrations this relationship was reversed for
hydrolysis reactions with Ctec2. Hydrolysis performance
at low-solids concentrations is apparently not indicative
of performance at higher solids concentrations, especially
not above the threshold where free water disappears.
That is: As long as free water is present, the biomass—
water interactions during hydrolysis have no influence
per se on sugar yields for a given substrate, i.e., perfor-
mance is dominated by other factors such as for exam-
ple lignin composition or which solutes are present in the
liquid phase [14, 39, 40]. Above this threshold, the intrin-
sic solid biomass—water interactions become influential,
and hydrolysis of substrates which allow water to stay or
diffuse into the pores where hydrolysis is taking place is
less negatively impacted. This is in agreement with our
earlier finding that expansion of these pores due to dif-
fusion of water, as a consequence of osmosis effects as
sugar is introduced, can be a central factor for enzymatic
degradation at high-solids concentrations [41].

For all samples, there was good agreement between
the onset of the high-solids effect and the disappear-
ance of free water peaks as seen using LENMR. As well,
decreases in internal diffusion coefficients for water cor-
responded well to decreases in hydrolysis yields for the
unmodified pretreated materials. While the modified
materials did not show this plateau effect or increased
diffusion coeflicients at lower solids concentrations, dif-
fusion coefficients were higher for the modified materials
at higher solids concentrations than for the unmodified
PWS. This points to possibilities for improving mixing
and mass transfer characteristics in process configura-
tions [12], but also towards the possibility of modifying
the biomass during the pretreatment to improve bio-
mass—water interactions.

Biomass characteristics and their relationship to water
constraint profiles

LFNMR T, profiles were different for the materials in this
study, however they all responded similarly to increasing
solids concentrations. The difference in the water con-
straint profiles and their behavior with increasing solids
concentrations may be due to a number of factors and
is open to different interpretations. Concentrating on
the situation at high solids and assuming that each peak
represents a specific range of pore sizes with a specific
cell wall chemistry within the biomass matrix, one can
speculate that the unmodified PWS has two main types
of pore sizes/cell wall surface chemistries at these con-
ditions, while PS has one main type of pore size/chem-
istry (Fig. 2). If pore surface chemistry is assumed to be
constant with increasing solids concentrations, one can
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interpret the decrease in T, times as a shrinking of the
pores in the biomass matrix. This interpretation is in line
with previous results for T;T, NMR techniques showing
decrease in both T; and T, times with increasing sol-
ids concentrations [41]. The PWS thus appears to pos-
sess two major pore sizes, which both shrink to a similar
extent. However, this data could also be interpreted as
two different pore cell wall chemistries, with one con-
straining water more than the other. The inability for T,
measurements to de-convolute chemical and physical
effects of the biomass on water constraint makes it dif-
ficult to distinguish between these two hypotheses. If we
look at the first interpretation in line with earlier T, T,
results, one would surmise that the more constrained
water peak represents smaller pores, and thus relatively
more exposed specific surface area is available for enzy-
matic action even at higher solids concentrations. Thus,
as solids increase, the more constrained and conserved
within the biomass matrix the water is, the more water
exposed surface area is available for enzymatic hydroly-
sis, leading to improved yields relative to a system with
larger pores and/or less constrained water. Also, as none
of the major peaks disappeared from the system besides
the free water peak, one might speculate that all the water
is associated with the biomass matrix at high-solids. This
behavior is similar to previous studies showing a reduc-
tion in peak time, and peak amplitude with decreasing
water content on other types of pretreated biomass [36].

The post-pretreatment modifications to the PWS
clearly changed the water constraint profiles. For the
milled PWS material, the changes in the T, profiles could
be attributed to the increased available surface area
caused by particle size reduction and higher levels of
water constraint at low-solids concentrations (with more
surface available to interact with the free water). This is
supported by shorter T, times and a quicker disappear-
ance of the free water peak. As well, the size reduction
and likely fibrillation of the PWS would lead to a reduc-
tion in the number of larger pores present in the mate-
rial, and thus an increase in the relative amount of water
present in the more constrained pool, as observed. This
shows that physical changes of the biomass can have a
significant effect on the water constraint of the system,
and also the overall effect of high-solids concentration on
hydrolysis yields. This again suggests that increased water
constraint by the biomass relates to increased yields at
high-solids conditions.

The de-lignified PWS sample, which had the larg-
est change in chemistry from the untreated PWS, had a
very different water constraint profile than the untreated
PWS. As lignin is less hydrophilic than cellulose and
restricts the available cellulose surface area, removing
lignin from the biomass substrate exposes more cellulose,
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and lead to a greater degree of interaction between water
and biomass. Furthermore, the cellulose micro-fibrils
are less hindered by the lignin, and can swell to absorb
the water present [42, 43]. This decrease in T, times and
increase in biomass—water interactions may also account
for the increased hydrolysis yields recorded for the de-
lignified PWS at low-solids concentrations, which is
similarly related to accessible cellulose. However, as sol-
ids concentrations increased, a sharp decrease in the T,
times of the major peaks was seen, showing two peaks
with roughly the same T, times as previously identified
in the unmodified PWS, with a slightly higher ratio of the
amount of water in the shorter T, peak to the longer T,
peak than for the unmodified material (Additional file 1:
Table S1). Thus, even though a higher rate of decrease in
hydrolysis yields and T, times from lower solids concen-
trations was observed, the overall hydrolysis yield was
improved as compared to the unmodified material, as has
also been previously reported for lignin removing pre-
treatments [44]. The initial high yields at low-solids con-
centrations could also be attributed to less lignin blocking
access to cellulose [45—47]. The sharp drop in T, times
with increasing solids concentrations may be related to
less lignin being present to keep cellulose microfibrils
from aggregating with one another. This would lead to a
larger degree of pore collapse, and at high-solids concen-
trations result in a more compact material, which would
explain also the ratio of water between the two constraint
pools, with the more constrained pool being relatively
less present due to the collapse of the material. Thus,
from a process design point of view, it might be benefi-
cial to preserve some of the more rigid materials (such as
lignin) in pretreated biomass, to resist pore collapse and
the concurrent decrease in sugar yields at higher solids
concentrations.

The xylanase-treated PWS sample had the most unique
water constraint profile, in comparison to the other mod-
ifications tested. At most solids concentrations, there
were three major pools present (besides the free water
pool), and in general the T,’s of the major peaks were
shorter than the other modified samples. It could be
hypothesized that removal of xylan led to more exposed
cellulose, and this could account for the extra pool of
constrained water, however it is not immediately appar-
ent which pool of water could be related to this structural
and compositional change. Regardless, while the chemi-
cal changes in the xylanase-treated material could not
be directly related to specific changes in the T, profiles,
the important relationship between water constraint and
yields is still apparent. With shorter T, times at lower
solids concentrations, there was a less sharp decrease in
T, times with increasing solids concentrations, which
may relate to the less pronounced decrease in yields with
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increasing solids concentrations. This trend supports the
interpretation that the sharper the decline in T, times for
the different pools, the greater the decrease in yields. T,
times at 30% DM for the xylanase-treated sample were
comparable to the T, times for the other samples, how-
ever, there was relatively more water in the more con-
strained peak. This again points to a higher portion of
constrained water being important to higher cellulose
conversion at high-solids concentrations and is therefore
an indicator for comparing pretreated samples for their
hydrolysis performance at high-solids concentrations.

The T, water constraint profiles for Avicel, a highly
crystalline and rigid cellulose, showed that the water pool
associated with the biomass did not decrease significantly
in T, time with increasing solids concentration, but only
decreased in relative intensity. This marked difference in
behavior confirms that Avicel is a poor model material
for cellulose as found in plant cell walls.

Diffusion and the high-solids effect

The diffusion rate tracked generally with hydrolysis
yields, confirming that mass transfer is one of the major
underlying issues for high-solids hydrolysis reactions.
Even small improvements in diffusion coefficients related
to improvements in hydrolysis performance, suggesting
that there might be possibilities for improving perfor-
mance at high-solids concentrations by modifying mass
transfer conditions. This could be achieved by recycling
partially hydrolyzed material (with smaller particle sizes
and better rheological properties), operating in a contin-
uous fed batch mode, or by applying a surfactant which
changed mass transfer and diffusion properties. How-
ever, these ideas remain to be tested, and therefore fur-
ther integrated research is necessary.

Different relative hydrolysis results for biomass at low

and high-solids concentrations

Finally, it is worth again stating that comparing hydroly-
sis yields at low and high-solids concentrations led to
different rankings in which was the most hydrolysable
material. More simply put, the material which performed
best at low-solids conditions was not the one that per-
formed best at high-solids conditions. Thus, evaluation
of the effect on biomass conversion yields of a given pre-
treatment needs to take place using a dry matter content
relevant for the intended conversion conditions. It is also
worth noting that this study was limited by the fact that
all experiments were carried out on washed material,
removing any effect of pretreatment-produced inhibi-
tors or soluble polysaccharides on hydrolysis reactions.
However, as the focus of this study was on changes to the
insoluble fraction, it was deemed an acceptable simplifi-
cation of the system.

Page 10 of 13

Another limitation of this study is that it assumed a
process configuration where pretreatment is carried
out separately from enzymatic hydrolysis and fermenta-
tion, and where externally produced fungal cellulases are
added to achieve hydrolysis of the biomass, followed by
the fermentation organism. Other process configurations
for biochemical conversion have been suggested, such as
using cellulolytic enzyme producing fermentation organ-
isms (so called consolidated bioprocessing). These types
of processes may result in different effects of biomass
water interactions at high solids concentrations on con-
version efficiencies, and may have different mass transfer
limitations due to the process for biomass deconstruc-
tion. Thus, the presented work is only applicable for pro-
cesses which have enzymes added from external sources,
and where pretreatment, hydrolysis, and fermentation
occur separately. Thus, future work is needed to deter-
mine how biomass water interactions may play a role in
consolidated bioprocesses.

Conclusions

In this work, the high-solids effect was found to be pri-
marily a function of biomass—water interactions, both
through water constraint and diffusion in the biomass
matrix. By modifying pretreated materials both physi-
cally and chemically, it was possible to improve hydroly-
sis yields at high-solids concentrations, and to reduce the
intensity of the high-solids effect. The onset of the high-
solids effect was found to correlate with the disappear-
ance of free water from the reaction slurry, which was
observable from LFNMR relaxometry measurements.
At conditions below the solids concentration where free
water disappeared, the Ctec2 enzyme preparations did
not appear to be product inhibited, as yields remained
constant. As solids concentration increased, those bio-
mass samples which had more water in the highly con-
strained pool had better cellulose hydrolysis yields at
high-solids concentrations. As well, the relative ranking
of biomasses by their digestibility with enzymes changed
from low to high-solids conditions, driven primarily by
differences in biomass—water interactions. Pretreated
materials should be compared at high-solids hydrolysis
conditions if useful knowledge is to be gained about how
these materials will function in an industrial high-solids
setting. This work shows that understanding biomass—
water interactions, and how they affect enzymatic pro-
cesses for biomass deconstruction, is key to developing
effective and efficient biomass conversion processes at
high-solids concentrations.
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Methods

Feedstocks and pretreatment

Wheat straw (Triticum aestivum L.) was steam pre-
treated in a continuous horizontal reactor (mini IBUS) at
195 °C for 18 min (PWS). The material was stored fro-
zen, and thawed before use. Norway Spruce (Picea abies
L.) was pre-impregnated with SO, gas (2.5% wt./wt.) and
pretreated in a 10L steam gun for 5 min at 210 °C as has
been reported previously [37]. All materials were washed
thoroughly before use in this study. Chemical composi-
tion (Table 1) was measured using standard NREL meth-
ods [48].

The Pretreated Wheat Straw material (PWS) was fur-
ther modified for selected experiments investigating
impacts of specific factors on the high-solids effect. The
milled PWS material was prepared by taking the washed
and wet PWS and grinding it in a standard basket type
coffee grinder for two concurrent sessions of 10 s, for 20 s
of total grinding time. De-lignified PWS was prepared
using a sodium chlorite and acetic acid bleaching method
previously reported [49]. 146 g of wet PWS (55 g dry
basis) was added to an Erlenmeyer flask, to which 1668 g
H,O was added, followed by 33 g of sodium chlorite, and
then 33 ml of acetic acid. The mixture was allowed to
react for 2 h with stirring at 350 rpm, after which time
subsequent similar does of sodium chlorite and acetic
acid were added, and the mixture was allowed to react for
another 2 h. The mixture was then separated in a glass
frit filtered vacuum flask and washed thoroughly before
use. PWS was treated with Multifect Xylanase (Novo-
zymes A/S) at 10% total solids and an enzyme loading
of 100 mg/g cellulose in 50 mM citrate buffer at pH 5.0
for 48 h at 50 °C to remove a portion of the hemicellu-
lose. The hydrolysis resulted in approximately 25% of
the hemicellulose being removed, along with 8% of total
glucan. The material was then deactivated by boiling
at 100 °C for 20 min and washed thoroughly to remove
residual enzyme protein from the sample. Composition
for these materials is given in Table 1, not including the
milled material, which was assumed to have the same
composition as the PWS.

Enzymatic hydrolysis

Enzymatic hydrolysis was carried out on the biomass
samples using (unless otherwise noted) the Ctec2 cellu-
lase preparation (Novozymes A/S) supplemented with a
catalase as suggested previously [50]. Enzyme loadings
were 15 mg enzyme preparation protein per gram cellu-
lose, and 0.11 mg enzyme protein per gram cellulose for
Ctec2 and catalase, respectively. This enzyme loading was
used specifically such that there was a reasonable amount
of cellulose hydrolysis, but that there would not be excess
enzyme activity present such that positive changes to
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the enzyme performance could still be observed. As a
comparison to the Ctec2 preparation, limited enzymatic
hydrolysis experiments (data in Fig. 1) were carried out
using a mixture of Celluclast 1.5L (a cellulase mixture,
Novozymes A/S) and Novozymel88 (a [-glucosidase,
Novozymes A/S) at a volumetric ratio of 5:1, and with a
total protein loading of 45 mg enzyme protein per gram
cellulose. While this enzyme loading was much higher
than for the Ctec2 enzyme preparation, it was used to
achieve comparable hydrolysis yields at low DM concen-
trations to the Ctec2 hydrolysis experiments, such that
decreases in yield with increasing DM would be compa-
rable. All hydrolysis reactions were carried out in trip-
licate in 20 ml plastic tubes in a temperature controlled
tumbling reactor (internal diameter of 30 cm) designed
to mimic freefall mixing, with a rotation speed of 30 rpm.
Temperature was controlled to 50 C, and 50 mM (final
concentration) citrate buffer at pH 5.1 was used to buffer
the mixtures. Total solids concentration was varied
between 5% and 30% DM using washed materials, with
a total mass of 5 g for the reaction mixture. Hydrolysis
reactions were carried out for 72 h, after which time sam-
ples were boiled for 20 min to deactivate the enzymes,
and the slurry was diluted for glucose analysis. Glucose
concentration was measured by HPLC using a Phenom-
enex Resex ROA column at 80 °C with 5 mM H,SO, as
eluent at a flow rate of 0.6 mL/min, with an RI detector.
Cellulose conversion yields (into both glucose and cel-
lobiose) were calculated based on total glucan content
before hydrolysis, but after modification in the case of
the de-lignified and xylanase-treated PWS samples, as
given in Table 1, and samples were diluted by mass prior
to HPLC analysis according to [51] to remove calculation
errors for yield determinations at high-solids contents.

NMR measurements

NMR measurements were made using a Bruker mq20
Minispec NMR with a fixed magnet (0.47T equal to
20 MHz), at 40 °C. T, relaxation time measurements
were made using a CPMG pulse sequence [28], with a
pulse separation of between 0.05 and 0.25 ms (depending
on the % DM of the sample, with samples with lower %
DM requiring longer pulse separations to allow for ade-
quate signal decay time), and with between 12,000 and
32,000 echoes (again, depending on total signal decay
time). Recycle delay was set to 10 s, and 32 scans were
made for each measurement. Samples were prepared in
triplicate, with varying DM contents between 5 and 30%
DM. T, Decay curves were analyzed using a non-negative
least squares (NNLS) algorithm in a PROSPA software
package (version 3.1) to extract population vs time curves
for each of the samples, showing the relative amount of
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the different water populations with different T, relaxa-
tion times [52].

Diffusion measurements of water were made using the
same NMR with the gradient unit attached, at the stand-
ard temperature of 40 °C. Triplicate samples were pre-
pared between 5 and 30% DM for each of the pretreated
materials and equilibrated to 40 °C before measurement.
The amplitudes of the spin-echoes of the samples were
measured with and without pulsed field gradients applied
between the two pulses (90° and 180°) at 5 different signal
amplitudes between 25 and 85% relative field strength,
with a gradient pulse length (§) of 0.5 ms, the time
between gradient pulses (A) as 7.5 ms. The self-diffusion
coefficient (D) could then be measured according to the
classic method suggested by Stejskal and Tanner [53], by
plotting left and right sides of Eq. 1,

AG(t)> 2 2 ( 1 ) 2
In[—— | = -D-§*-|A—=6)-G 1
(AG«)) Y 3 W

where Ag, is the amplitude of the signal at the echo with
the gradient applied, A is the signal amplitude without
the gradient, G is the gradient field strength, and y is the
gyromagnetic ratio of the hydrogen nucleus (42.577 MHz
per Tesla), and deriving the Diffusion coefficient D from
the slope of the plot.

Additional file

Additional file 1: Table S1. LF-NMR relaxometry data for pretreated
materials, modified materials, and Avicel.

Abbreviations

DM: dry matter concentration (wt dry matter/wt whole slurry) %; LFNMR:

low field nuclear magnetic resonance; PWS: pretreated wheat straw; PW:
pretreated spruce; C/N: Celluclast1.5L/Novozym188 enzyme mixture; NNLS:
non-negative least squares; CPMG: Carr-Purcell-Meiboom-Gill pulse sequence;
HPLC: high pressure liquid chromatography.

Authors’ contributions

NDW designed and performed all experiments presented and drafted the
manuscript for submission. LGT and CF participated in the experimental
design and data analysis, they contributed to the drafting and editing of the
final manuscript. All authors read and approved the final manuscript.

Acknowledgements

The authors would like to thank Professor Mats Galbe at Lund University for
use of their pretreatment reactor for pretreatment of the Spruce material. The
authors would also like to thank Novozymes A/S for providing all enzymes
for this study, Chunxiao Gong and Dr. Heng Zhang at the University of
Copenhagen for their help with the compositional analysis on the modified
PWS materials, and Professor Tina Jeoh at the University of California Davis, for
constructive discussions of the research.

Competing interests
The authors declare that they have no competing interests.

Page 12 of 13

Availability of data and materials
All the data analyzed in this study are included in this manuscript and its
additional files.

Consent for publication
Not applicable.

Ethics approval and consent to participate
Not applicable.

Funding

This study was funded by the BioValue SPIR, Strategic Platform for Innovation
and Research on value added products from biomass, which is co-funded by
The Innovation Fund Denmark, Case No: 0603-00522B.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Received: 4 July 2018 Accepted: 12 December 2018
Published online: 04 January 2019

References

1. Intergovernmental Panel on Climate Change, editor. Climate Change
2013—the physical science basis: working group | contribution to the
fifth assessment report of the intergovernmental panel on climate
change [Internet]. Cambridge: Cambridge University Press; 2014. http://
ebooks.cambridge.org/ref/id/CBO9781107415324. Accessed 29 May
2015.

2. Himmel ME, Ding S-Y, Johnson DK, Adney WS, Nimlos MR, Brady JW,
et al. Biomass recalcitrance: engineering plants and enzymes for biofuels
production. Science. 2007;315:804-7.

3. Humbird D. Process design and economics for biochemical conver-
sion of lignocellulosic biomass to ethanol: dilute-acid pretreatment
and enzymatic hydrolysis of corn stover [Internet]. 2011. http://dx.doi.
org/10.2172/1013269.

4. Koppram R, Tomas-Pejo E, Xiros C, Olsson L. Lignocellulosic ethanol pro-
duction at high-gravity: challenges and perspectives. Trends Biotechnol.
2014;32:46-53.

5. Cannella D, Jargensen H. Do new cellulolytic enzyme preparations affect
the industrial strategies for high-solids lignocellulosic ethanol produc-
tion? Biotechnol Bioeng. 2014;111:59-68.

6. DiRisio S, Hu CS, Saville BA, Liao D, Lortie J. Large-scale, high-solids enzy-
matic hydrolysis of steam-exploded poplar. Biofuels Bioprod Biorefining.
2011;5:609-20.

7. lii JS, Kuhn EM, Nagle NJ, Tucker MP, Elander RT, Schell DJ. Characteriza-
tion of pilot-scale dilute acid pretreatment performance using deacety-
lated corn stover. Biotechnol Biofuels. 2014;7:23.

8.  Pereira FB, Guimaraes PMR, Teixeira JA, Domingues L. Selection of Sac-
charomyces cerevisiae strains for efficient very high gravity bio-ethanol
fermentation processes. Biotechnol Lett. 2010;32:1655-61.

9. Jorgensen H, Vibe-Pedersen J, Larsen J, Felby C. Liquefaction of lignocel-
lulose at high-solids concentrations. Biotechnol Bioeng. 2007;96:862-70.

10. Kristensen JB, Felby C, Jargensen H. Yield-determining factors in high-sol-
ids enzymatic hydrolysis of lignocellulose. Biotechnol Biofuels. 2009;2:11.

11. Modenbach AA, Nokes SE. Enzymatic hydrolysis of biomass at high-solids
loadings—a review. Biomass Bioenergy. 2013;56:526-44.

12. Geng W, JinY, Jameel H, Park S. Strategies to achieve high-solids enzy-
matic hydrolysis of dilute-acid pretreated corn stover. Bioresour Technol.
2015;187:43-8.

13. Hodge DB, Karim MN, Schell DJ, McMillan JD. Soluble and insoluble
solids contributions to high-solids enzymatic hydrolysis of lignocellulose.
Bioresour Technol. 2008;99:8940-8.

14. Hsieh CC, Cannella D, Jergensen H, Felby C, Thygesen LG. Cellulase inhibi-
tion by high concentrations of monosaccharides. J Agric Food Chem.
2014;62:3800-5.


https://doi.org/10.1186/s13068-018-1339-x
http://ebooks.cambridge.org/ref/id/CBO9781107415324
http://ebooks.cambridge.org/ref/id/CBO9781107415324
http://dx.doi.org/10.2172/1013269
http://dx.doi.org/10.2172/1013269

Weiss et al. Biotechnol Biofuels

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

(2019) 12:3

Lavenson DM, Tozzi EJ, Karuna N, Jeoh T, Powell RL, McCarthy MJ. The
effect of mixing on the liquefaction and saccharification of cellulosic fib-
ers. Bioresour Technol. 2012;111:240-7.

Hoyer K, Galbe M, Zacchi G. The effect of prehydrolysis and improved
mixing on high-solids batch simultaneous saccharification and fermenta-
tion of spruce to ethanol. Process Biochem. 2013;48:289-93.

Roberts KM, Lavenson DM, Tozzi EJ, McCarthy MJ, Jeoh T. The effects of
water interactions in cellulose suspensions on mass transfer and sacchari-
fication efficiency at high-solids loadings. Cellulose. 2011;18:759-73.

Du J, CaoY, Liu G, Zhao J, Li X, Qu Y. Identifying and overcoming the effect
of mass transfer limitation on decreased yield in enzymatic hydroly-

sis of lignocellulose at high solid concentrations. Bioresour Technol.
2017,229:88-95.

Selig MJ, Thygesen LG, Johnson DK, Himmel ME, Felby C, Mittal A. Hydra-
tion and saccharification of cellulose IB, I and llll at increasing dry solids
loadings. Biotechnol Lett. 2013;35:1599-607.

Selig MJ, Hsieh CWC, Thygesen LG, Himmel ME, Felby C, Decker SR.
Considering water availability and the effect of solute concentration on
high-solids saccharification of lignocellulosic biomass. Biotechnol Prog.
2012;28:1478-90.

Harris PV, Xu F, Kreel NE, Kang C, Fukuyama S. New enzyme insights
drive advances in commercial ethanol production. Curr Opin Chem Biol.
2014;19:162-70.

Singhania RR, Patel AK, Sukumaran RK, Larroche C, Pandey A. Role

and significance of beta-glucosidases in the hydrolysis of cellulose for
bioethanol production. Bioresour Technol. 2013;127:500-7.

Hu J, Chandra R, Arantes V, Gourlay K, van Dyk JS, Saddler JN. The addition
of accessory enzymes enhances the hydrolytic performance of cellulase
enzymes at high solid loadings. Bioresour Technol. 2015;186:149-53.
Quinlan RJ, Sweeney MD, Leggio LL, Otten H, Poulsen JCN, Johansen KS,
et al. Insights into the oxidative degradation of cellulose by a copper
metalloenzyme that exploits biomass components. Proc Natl Acad Sci.
2011;108:15079-84.

Mosier N. Features of promising technologies for pretreatment of ligno-
cellulosic biomass. Bioresour Technol. 2005;96:673-86.

Elander RT, Dale BE, Holtzapple M, Ladisch MR, Lee YY, Mitchinson C, et al.
Summary of findings from the biomass refining consortium for applied
fundamentals and innovation (CAFI): corn stover pretreatment. Cellulose.
2009;16:649-59.

Alvira P, Tomas-Pejo E, Ballesteros M, Negro MJ. Pretreatment technolo-
gies for an efficient bioethanol production process based on enzymatic
hydrolysis: a review. Bioresour Technol. 2010;101:4851-61.

Meiboom S, Gill D. Modified spin-echo method for measuring nuclear
relaxation times. Rev Sci Instrum. 1958;29:688-91.

Carles JE, Scallan AM. The determination of the amount of bound

water within cellulosic gels by NMR spectroscopy. J Appl Polym Sci.
1973;17:1855-65.

Froix MF, Nelson R. The interaction of water with cellulose from nuclear
magnetic resonance relaxation times. Macromolecules. 1975;8:726-30.
Menon RS, MaCkay AL, Hailey JRT, Bloom M, Burgess AE, Swanson JS. An
NMR determination of the physiological water distribution in wood dur-
ing drying. J Appl Polym Sci. 1987;33:1141-55.

Flibotte S, Menon RS, MacKay AL, Hailey JRT. Proton magnetic resonance
of western red cedar. Wood Fiber Sci. 2007;22:362-76.

Fredriksson M, Thygesen LG. The states of water in Norway spruce

(Picea abies (L) Karst.) studied by low-field nuclear magnetic resonance
(LFNMR) relaxometry: assignment of free-water populations based on
quantitative wood anatomy. Holzforschung. 2016;71:77-90.

Araujo CD, MacKay AL, Hailey JRT, Whittall KP, Le H. Proton magnetic
resonance techniques for characterization of water in wood: application
to white spruce. Wood Sci Technol. 1992;26:101-13.

Araujo CD, Mackay AL, Whittall KP, Hailey JRT. A diffusion model for spin-
spin relaxation of compartmentalized water in wood. J Magn Reson B.
1993;101:248-61.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

Page 13 of 13

Tsuchida JE, Rezende CA, Oliveira-Silva R, Lima MA, D'Eurydice MN,
Polikarpov |, et al. TH NMR Investigation of water accessibility in cellulose
of pretreated sugarcane bagasse. Biotechnol Biofuels. 2014;7:127.

Weiss ND, Thygesen LG, Felby C, Roslander C, Gourlay K. Biomass—water
interactions correlate to recalcitrance and are intensified by pretreat-
ment: an investigation of water constraint and retention in pretreated
spruce using low field NMR and water retention value techniques.
Biotechnol Prog. 2017;33:146-53.

Olsen SN, Borch K, Cruys-Bagger N, Westh P. The role of product inhibi-
tion as a yield-determining factor in enzymatic high-solid hydrolysis of
pretreated corn stover. Appl Biochem Biotechnol. 2014;174:146-55.

Ko JK, UmY, Park Y-C, Seo J-H, Kim KH. Compounds inhibiting the bio-
conversion of hydrothermally pretreated lignocellulose. Appl Microbiol
Biotechnol. 2015;99:4201-12.

Djajadi DT, Hansen AR, Jensen A, Thygesen LG, Pinelo M, Meyer AS, et al.
Surface properties correlate to the digestibility of hydrothermally pre-
treated lignocellulosic Poaceae biomass feedstocks. Biotechnol Biofuels.
2017;10:49.

Jeoh T, Karuna N, Weiss ND, Thygesen LG. Two-dimensional TH-nuclear
magnetic resonance relaxometry for understanding biomass recalci-
trance. ACS Sustain Chem Eng. 2017;5:8785-95.

Williams DL, Hodge DB. Impacts of delignification and hot water pretreat-
ment on the water induced cell wall swelling behavior of grasses and

its relation to cellulolytic enzyme hydrolysis and binding. Cellulose.
2014;21:221-35.

Williams DL, Crowe JD, Ong RG, Hodge DB. Water sorption in pretreated
grasses as a predictor of enzymatic hydrolysis yields. Bioresour Technol.
2017;245:242-9.

Nakagame S, Chandra RP, Saddler JN. The influence of lignin on the enzy-
matic hydrolysis of pretreated biomass substrates. ACS Symp Ser Vol1067.
2011;145-67.

Selig MJ, Viamajala S, Decker SR, Tucker MP, Himmel ME, Vinzant TB.
Deposition of lignin droplets produced during dilute acid pretreatment
of maize stems retards enzymatic hydrolysis of cellulose. Biotechnol Prog.
2007;23:1333-9.

Djajadi DT, Jensen MM, Oliveira M, Jensen A, Thygesen LG, Pinelo M, et al.
Lignin from hydrothermally pretreated grass biomass retards enzymatic
cellulose degradation by acting as a physical barrier rather than by
inducing nonproductive adsorption of enzymes. Biotechnol Biofuels.
2018;11:85.

Hansen MAT, Kristensen JB, Felby C, Jargensen H. Pretreatment and
enzymatic hydrolysis of wheat straw (Triticum aestivum L.)—the impact
of lignin relocation and plant tissues on enzymatic accessibility. Bioresour
Technol. 2011;102:2804-11.

Sluiter A, Hames B, Ruiz R, Scarlata C, Sluiter J, Tempelton J, et al. Deter-
mination of structural carbohydrates and lignin in biomass. 2008. Report
No.: NREL/TP-510-42618.

Kumar R, Hu F, Hubbell CA, Ragauskas AJ, Wyman CE. Comparison of
laboratory delignification methods, their selectivity, and impacts on
physiochemical characteristics of cellulosic biomass. Bioresour Technol.
2013;130:372-81.

Scott BR, Huang HZ, Frickman J, Halvorsen R, Johansen KS. Catalase
improves saccharification of lignocellulose by reducing lytic polysaccha-
ride monooxygenase-associated enzyme inactivation. Biotechnol Lett.
2016;38:425-34.

Kristensen JB, Felby C, Jargensen H. Determining yields in high-

solids enzymatic hydrolysis of biomass. Appl Biochem Biotechnol.
2009;156:127-32.

Whittall KP, Bronskill MJ, Henkelman RM. Investigation of analysis
techniques for complicated NMR relaxation data. J Magn Reson.
1969;1991(95):221-34.

Stejskal EO, Tanner JE. Spin diffusion measurements: spin echoes

in the presence of a time-dependent field gradient. J Chem Phys.
1965;42:288-92.



	Enzymatic hydrolysis is limited by biomass–water interactions at high-solids: improved performance through substrate modifications
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results
	Impact of increased DM on hydrolysis yields from two different feedstocks
	Water constraint profiles
	Diffusivity of water with increasing solids concentrations
	Effects of substrate modification
	Effect of PWS modifications on LFNMR relaxometry water constraint profiles
	Diffusion of water in modified materials

	Discussion
	Driving factors in the high-solids effect for enzyme preparations
	Biomass characteristics and their relationship to water constraint profiles
	Diffusion and the high-solids effect
	Different relative hydrolysis results for biomass at low and high-solids concentrations

	Conclusions
	Methods
	Feedstocks and pretreatment
	Enzymatic hydrolysis
	NMR measurements

	Authors’ contributions
	References




